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Motional Spin Relaxation in Large Eletri Fields
Riardo Shmid, B. Plaster, B. W. Filippone
California Institute of Tehnology, Pasadena, CA 91125
We disuss the preession of spin-polarized Ultra Cold Neutrons (UCN) and
3
He atoms in uniform
and stati magneti and eletri elds and alulate the spin relaxation eets from motional v ×
E magneti elds. Partile motion in an eletri eld reates a motional v × E magneti eld,
whih when ombined with ollisions, produes variations of the total magneti eld and results in
spin relaxation of neutron and
3
He samples. The spin relaxation times T1 (longitudinal) and T2
(transverse) of spin-polarized UCN and
3
He atoms are important onsiderations in a new searh
for the neutron Eletri Dipole Moment at the SNS nEDM experiment. We use a Monte Carlo
approah to simulate the relaxation of spins due to the motional v × E eld for UCN and for 3He
atoms at temperatures below 600mK. We nd the relaxation times for the neutron due to the v×E
eet to be long ompared to the neutron lifetime, while the
3
He relaxation times may be important
for the nEDM experiment.
I. INTRODUCTION
The phenomenon of longitudinal and transverse spin re-
laxation due to magneti eld inhomogeneities has been
disussed extensively[1, 2, 3, 4, 5℄. There, the utuat-
ing magneti elds experiened by the partile spins dur-
ing transport through magneti eld gradients oupled
to ollisions with other partiles or a holding ell's walls
lead to relaxation. For a ombined magneti and eletri
eld onguration, another possible soure of spin relax-
ation has been onsidered by Lamoreaux [6℄ and results
from utuations in the motional magneti eld in the
partile's rest frame. Here we present a more detailed
disussion of this eet.
Transformation into the rest frame of a partile moving
in an eletri eld gives rise to a motional magneti eld
Bv = E × v/c
2. (1)
The motional magneti eld is always perpendiular to
both the diretion of motion and the eletri eld. For
parallel eletri and magneti eld ongurations (as are
typially employed in partile eletri dipole moment
searhes), the superposition of Bv and a magneti hold-
ing eld B0 leads to a small tilt in the total magneti
eld B = B0 + Bv (see Fig. 1), as the motional mag-
neti elds are typially very small relative to B0. For
example, in an upoming searh (nEDM )[7℄ for the neu-
tron eletri dipole moment at the Spallation Neutron
Soure (SNS) in the Oak Ridge National Laboratory,
the motional magneti eld experiened by the neutrons
from the 50 kV/cm eletri eld will be on the order of
5.6× 10−4mGauss per m/s of veloity, whereas the mag-
neti holding eld B0 will be about 10mGauss.
Nevertheless, ollisions result in an abrupt hange in
the veloity vetor, ausing the motional magneti eld
Bv to hange both in diretion and magnitude. Although
the hanges in orientation of the total magneti eld fol-
lowing a single ollision are rather small (as Bv ≪ B0),
after eah ollision, a partile's spin will preess about
a slightly reoriented total magneti eld. After a large
number of suh ollisions, eah of these small kiks in
the eld will ontribute to the overall global relaxation
of a spin ensemble.
In the remainder of this paper, we alulate the mag-
nitude of spin relaxation due to the v × E eet, es-
peially as relevant for the onditions of the upoming
nEDM searh, whih will utilize Ultra Cold Neutrons
(UCN, neutrons with speeds < 7m/s) and an in-situ po-
larized
3
He o-magnetometer immersed in a superuid
4
He bath at temperatures in the range 100 − 600mK.
Spin-relaxation times signiantly longer than the neu-
tron lifetime (limiting the measurement time) are desired.
The results in this paper are omplementary to
the studies on spin relaxation due to magneti eld
gradients[1, 2, 3, 4, 5℄ and alulations of the linear ele-
tri eld geometri phase eets[8, 9, 10℄, both of whih
an be important onsiderations for the measurement of
EDMs.
(a) (b)
Figure 1: (a) The total magneti eld B as the superposition
of the holding eld B0 and the v × E motional eld Bv. (b)
Rotation of motional eld Bv due to wall ollision.
2II. THEORY
A.
3
He Atoms
We have followed the formalism of MGregor [5℄ to
desribe the relaxation proess of the v × E motional
eld. This uses the eld auto-orrelation funtion to al-
ulate longitudinal (T1) and transverse (T2) spin relax-
ation times. The spin relaxation times for partile spins
due to a hanging B eld an be alulated using the
eld auto-orrelation funtion. With this method[5℄, the
longitudinal spin relaxation rate an be expressed as
1
T1
=
γ2
2
[SBx(ω0) + SBy(ω0)] , (2)
where γ is the gyromagneti ratio and SBx(ω0) and
SBy(ω0) are the Fourier transforms of the eld auto-
orrelation funtion. For a perturbing eld B˜, the fre-
queny spetrum is given by
SBi(ω) =

∞
−∞
〈
B˜i(t) B˜i(t+ τ)
〉
e−ıωτdτ (3)
for eah of the utuating eld omponents. The average
inside the integral in Eq. 3 is alulated for partiles in
the measurement ell olliding with the walls of the ell
and with exitations in the superuid
4
He.
For the ase of partiles in a uniform magneti hold-
ing eld in the zˆ diretion and moving at veloity v in
a uniform eletri eld E parallel to B0, the non-zero
perturbation magneti eld terms are
B˜x = −E vy/c
2
B˜y = E vx/c
2
. (4)
The eld auto-orrelation funtion, for this ase, is pro-
portional to the veloity auto-orrelation funtion, as〈
B˜x(t) B˜x(t+ τ)
〉
= 〈vy(t) vy(t+ τ)〉 E
2/c4〈
B˜y(t) B˜y(t+ τ)
〉
= 〈vx(t) vx(t+ τ)〉 E
2/c4
. (5)
For this work we adopt the veloity auto-orrelation
funtion[5℄
〈vx(t) vx(t+ τ)〉 =
〈
v2x
〉
e−τ/τc, (6)
where τc is the mean time between ollisions. Eq. 6 is
appliable in determining the frequeny spetrum when
the Larmor frequeny ω0 is larger than 1/τD, where τD
is the diusion time. This is the ase for
3
He atoms at
temperatures T > 400mK, where, as disussed in Se.
III A, ollisions with exitations in the superuid are fre-
quent and atoms take a relatively long time to travel to
the walls of the holding ell. The orresponding eld
auto-orrelation frequeny spetrum is
SBx(ω) =
2
〈
v2y
〉
τc
1 + ω2τ2c
E2
c4
, (7)
and a similar formula for SBy(ω). With Eq. 2, we nd
the longitudinal spin relaxation time to be
T1 =
3
2
1
γ2
c4
E2 v2rms τc
(
1 + ω20 τ
2
c
)
, (8)
where we have used
〈
v2x
〉
+
〈
v2y
〉
= 2 v2rms/3. As disussed
in Se. III A, the mean time between ollisions drops dra-
matially as the temperature of the
3
He sample inreases,
and, in the nEDM setting, ω0τc ≪ 1 for T > 300mK, so
that Eq. 8 an be approximated to be
T1 ≃
3
2
1
γ2
c4
E2 v2rms τc
, (9)
leaving the relaxation times independent of the magneti
holding eld B0 for this regime.
The transverse spin relaxation rate an be expressed
as[5℄
1
T2
=
1
2T1
+
γ2
2
SBz(0), (10)
but, for the ase of v×E elds in whih the perturbation
eld has no z-omponent, the term SBz(0) = 0, so we
nd that T2 = 2T1.
B. Ultra Cold Neutrons
Although Eq. 2 an be applied to any perturbative
eld, as long as the proper expression for the auto-
orrelation funtion is used, we note that the earlier for-
malism detailed in Gamblin and Carver [1℄ is useful for
the speial ase of UCN whose veloities do not hange
in the nEDM measurement ells. Following their proe-
dure to alulate the spin relaxation in inhomogeneous
elds, whih does not rely on the eld auto-orrelation
funtion, the expression for the longitudinal relaxation
time T1 due to motional v×E eld an be alulated to
be
T1 =
3
4
·
(1.19)2λB20 c
4
v3E2
·
1 + (ω0τc)
2
(ω0τc)2
. (11)
This formula is equivalent to Eq. 8, apart from small
onstant terms. It is also interesting to note that, for the
ase of UCN in the nEDM experiment, the mean free
path λ in Eq. 11 is a onstant of the geometry of the
measurement ell, sine UCN do not interat with other
partiles. In addition, ω0τc > 1 for UCN speeds, so that
the last fator in Eq. 11 is roughly onstant and of order
unity. In this ase, Eq. 11 an be approximated to be
T1 ≃
3
4
·
(1.19)2λB20 c
4
v3E2
, (12)
emphasizing the T1 ∝ 1/v
3
relation. The relaxation time
an be lengthened by inreasing the magnitude of the
magneti holding eld B0. However, as seen in Se. III B,
the motional spin relaxation times for UCN in the nEDM
experiment are long ompared to the neutron lifetime.
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Figure 2: (Color online) Simulation results of the longitudinal
polarization Pz for
3
He sample in a thermal bath at T =
100mK vs. time. An exponential t to the simulation data
is also shown. The t yields the relaxation time T1.
III. SIMULATION
We have simulated the spin relaxation of UCN and
3
He atoms due to the v × E eet for uniform and
stati magneti and eletri elds. Our studies are
based on the preession of lassial spins in a mag-
neti eld. Neutrons (and
3He atoms) are onned in-
side the retangular nEDM measurement ell of dimen-
sions (∆x = 10.2 cm, ∆y = 50 cm, ∆z = 7.6 cm), where
both magneti and eletri elds are oriented in the zˆ
diretion. The mean distane between wall ollisions an
be approximated by λw ≃ 4V/A for a retangular mea-
surement ell, where V and A are the volume and the
surfae area of the ell respetively. For the nEDM ell,
λw ≃ 8 cm, whih is omparable to the mean distane
between wall ollisions of λsim = 7.5 cm obtained from
the simulations. As disussed in Se. III A,
3
He atoms
an interat with exitations in the superuid, so that
the mean time between ollisions τc is determined both
by diusion and wall ollisions.
As we neglet the eet of gravity, hanges in veloity
are only due to ollisions, hene, between ollisions, the
total magneti eld experiened in the rest frame of a
partile stays onstant. We have used an analyti solu-
tion to the equation of motion of the spin in a onstant
magneti eld
σ˙ = γσ ×B (13)
to alulate the spin preession between ollisions. The
uniform magneti eld solution to Eq. 13 an be found
to be:
σ(t) =
(
σ0 −
(σ0·B)B
B2
)
cos(ωt) + σ0×BB sin(ωt)+
+ (σ0·B)BB2
.
(14)
We have studied the ase of totally diuse wall ol-
lisions for both UCN and
3
He atoms. The diuse wall
ollisions are in part responsible for the spin relaxation.
Our simulations have shown that, for the v × E studies
desribed in this paper, purely speular wall ollisions, in
the absene of partile diusion, do not result in signi-
ant longitudinal relaxation of the spin polarization. In
this ase, the veloity of a partile after a wall ollision
is highly orrelated to its initial veloity and the times
between wall ollisions are repetitive, so that the mo-
tional eld Bv hanges in a repeatable way and does not,
generally, allow the spins to preess far from their initial
states. We were able to determine from the simulation
data that only a small fration
(
< 10−3
)
of partile spins
were preessing away from their initial states for the ase
of speular wall ollisions. We believe that this eet
ours beause these partiles are traveling in resonant
paths, where the orrelation of veloities and preession
times between wall ollisions is suh as to maximally ro-
tate the spins out of alignment. Furthermore, the walls
of the measurement ells in the nEDM experiment are
not likely to be purely speular.
In the simulations we trak the spin state of eah parti-
le and alulate the longitudinal, T1, and transverse, T2,
relaxation times due to the v × E eet for single speed
UCN and for
3
He atoms at temperatures below 600mK.
In the longitudinal spin relaxation simulations, parti-
les start with their spins aligned with the holding eld
B0. Due to the v×E eet, the ensemble of spins relaxes
exponentially with a time onstant T1, as shown in Fig.
2. In ontrast, in the transverse spin relaxation simula-
tions, partiles start with their spins perpendiular to the
holding eld B0 and the spins relax with an exponential
time onstant T2.
A.
3
He atoms
We have simulated the spin relaxation due to the v×E
eet in a magneti holding eld B0 = 10mGauss and an
eletri eld E0 = 50 kV/cm, for a sample of
3
He atoms
at temperatures below 600mK. Unlike UCN (see Se.
III B), whose speeds were onstant in our simulations,
the
3
He sample obeys a Maxwell-Boltzmann veloity dis-
tribution of the form
f(v) = 4pi
(
M⋆
2pikT
)3/2
v2e−M⋆ v
2/2kT dv, (15)
where T is the temperature of the sample, k is the
Boltzmann onstant, and M⋆ ≃ 2.2M3 is the eetive
mass of
3
He atoms in superuid
4
He, with M3 as the
3
He atomi mass[11℄. The mean speed of
3
He atoms is
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Figure 3: (Color online) The spin relaxation times T1 and T2
for
3He atoms as a funtion of temperature, plotted together
with the theoretial formulae derived from Eq. 8.
T (mK) v¯ (m/s) λp (cm) ω0τD ω0τc
4 3.573 ≫ 103 4.45 4.45
50 12.63 ≫ 103 1.26 1.26
100 17.86 ≫ 103 .890 .890
200 25.26 126 .668 .593
300 30.94 6.02 1.18 .224
400 35.73 .696 5.43 3.65 × 10−2
500 39.94 .131 24.2 6.55 × 10−3
600 43.76 3.33 × 10−2 85.5 1.54 × 10−3
Table I: Temperature dependene of veloity and mean free
path for a sample of
3
He atoms at seleted temperatures. The
4mK point represents 3He veloities omparable to UCN.
v¯ = 〈v〉 =
√
8 kT/piM⋆, while the root mean square
speed is vrms ≡
√
〈v2〉 =
√
3 kT/M⋆.
The ollisions with the walls and interations with the
superuid were implemented to be totally diuse. In ad-
dition, we inluded thermalization of
3
He atoms, so that
the magnitude of the veloity is randomly sampled from
the original veloity distribution (Eq. 15) after eah olli-
sion with either phonons or the walls of the measurement
ell.
The
3
He atoms an interat with exitations in the su-
peruid
4
He in the nEDM ell. Due to the low frational
density of
3
He atoms, typially on the order of one
3
He
atom per 1010 atoms of 4He, ollisions with other 3He
atoms are negligible. The mass diusion oeient for
3
He atoms in superuid He depends sensitively on the
sample temperature and was found experimentally[12℄ to
be
D =
(1.6± 0.2) cm2 · s−1
(T [K])7
. (16)
Sine the phonon veloity in superuid
4
He is muh
higher than the veloity of individual atoms[10℄, the
mean time between phonon interations with
3
He atoms
in the measurement ell is onstant for a given temper-
ature and independent of the instantaneous
3
He veloity
and an be expressed as[10℄
τp =
3D
v2rms
. (17)
The eetive mean time between ollisions τc, whih
takes into aount both superuid exitations and wall
ollisions, is
1
τc
=
v¯
λw
+
1
τp
. (18)
The mean time τD that it takes for
3
He atoms to diuse
to the walls of the measurement ell is useful for dening
the regime in whih the formalism desribed by Eq. 6 is
valid, and an be expressed as
τD =
R2
τc v2rms
, (19)
where R ≃ 8 cm is the harateristi size of the measure-
ment ell, or the radius for a spherial ell.
Table I shows the mean distane between interations
with exitations in the superuid λp = τp v¯, for seleted
simulation temperatures, along with other relevant quan-
tities. In the low temperature regime (T < 200mK) the
mean distane between ollisions with exitations λp is
longer than the dimensions of the nEDM measurement
ell, so wall ollisions dominate and the mean free path
is the mean distane between wall ollisions. In the high
temperature regime (T > 300mK) λp . 5 cm, so olli-
sions with exitations dominate. When the ollision fre-
queny is high relative to the preession frequeny, the
spin relaxation times due to the v×E eet inrease. In
the mid-temperature regime (T ∼ 100− 300mK), where
the quantity ω0τD is of order unity, Eq. 7 is not a good
approximation for the frequeny spetrum, and this is
where we see the largest deviation between the simula-
tions and the predited relaxation times. For ω0τD ≪ 1,
a full diusion theory alulation is neessary to deter-
mine the frequeny spetrum. In any ase, the nEDM
geometry and elds onguration is suh that the quan-
tity ω0τD & 1 for all ranges of temperatures in our study,
keeping the deviation small.
We analyzed the data from our simulations to alu-
late the spin relaxation times T1 and T2 for
3
He atoms
for temperatures below 600mK. The results are shown in
Fig. 3, where relaxation times are plotted as a funtion of
temperature. The simulation data agree with the theo-
retial diusion alulations, espeially for temperatures
higher than 400mK, in whih the ollision frequeny 1/τc
is large and the diusion times τD are long. The simula-
tion data also agree with the relation T2 = 2T1.
Our alulations and simulations have shown that the
longitudinal spin relaxation times T1 for
3
He atoms at
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Figure 4: (Color online) Simulation results for longitudinal
spin relaxation times T1 for UCN as a funtion of veloity
and with dierent eletri eld strengths. The simulation
data agree with the theoretial formalism desribed by Eq.
11.
temperatures in the range 100− 400mK an be as short
as 104 s. These relaxation times are omparable to the
measurement time of nEDM and may be an important
omponent of the total relaxation rate. In this regard,
the temperature is a parameter of the measurement that
an be hosen to optimize spin relaxation times.
B. Ultra Cold Neutrons
We have simulated the spin relaxation due to the v×E
eet for UCN for the onditions in the nEDM experi-
ment. The measurement ell, as designed for the nEDM
experiment, has a UCN Fermi potential of 134 neV, whih
is equivalent to a maximum UCN veloity of 3.6m/s and
onstitutes an upper limit for the veloity spetrum of
UCN.
The relaxation times are found to be shorter for higher
UCN speeds, as disussed in Se. II B. We have sim-
ulated UCN at dierent veloities (see Fig. 4), ex-
periening diuse ollisions with the walls of the ell.
The UCN do not interat with other partiles in the
ell so their speed stays onstant in our simulations.
The nEDM magneti eld onguration was used, with
B0 = 10mGauss.
The results from the UCN simulations agree with the
theoretial results (Eq. 11) in the regime in whih olli-
sion frequenies are low with respet to the Larmor fre-
queny. The expeted 1/v3 dependene of T1 for UCN
an be seen in Fig. 4, for two values of E = 5kV · cm−1
and 50 kV · cm−1. The relevant relaxation times for UCN
with speeds less than 4m/s are on the order of 105 s, for
the onguration of the nEDM measurement. These re-
laxation times are muh longer than the neutron lifetime
and should not onstitute a limiting fator for the exper-
iment.
IV. CONCLUSION
We have studied the longitudinal and transverse spin-
relaxation times T1 and T2 from motional v × E elds.
The results from Monte Carlo simulations and theo-
retial alulations of the relaxation times are shown
to be in agreement. We investigated this phenomenon
within the ontext of the operating parameters for an
upoming searh for the neutron eletri dipole moment
utilizing Ultra Cold Neutrons and a polarized
3
He o-
magnetometer. For UCN, the relaxation times were
found to be on the order of 106 s, muh longer than
the neutron lifetime. In ontrast, our alulations have
shown that the relaxation times for
3
He atoms will vary
strongly with temperature, and an be as low as 104 s.
Thus, onsideration of the relaxation eets from v × E
motional magneti elds an inuene the hoie of the
experiment's operating temperature.
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